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EXECUTIVE SUMMARY

Often, road construction causes the need to create a work zone. In these scenarios,
portable concrete barriers (PCBs) are typically installed to shield workers and equipment from
errant vehicles as well as prevent motorists from striking other roadsidedhaFor an existing
W-beam guardrail system installed adjacent to the roadway and near the work zone, guardrail
sections are removed in order to place the portable concrete barrier system. The focus of this
research study was to develop a proper stiffngansition between Weam guardrail and
portable concrete barrier systems. The research objectives were to determine performance and
design constraints and to develop a stiffness transition between PCBslaeahWjuardrail that
will significantly improwe safety for the motoring public and workers within construction zones.
The stiffness transition was designed and simulated according to the AASHTO MASH
Level 3 (TL-3) impact safety standardshis research effort was accomplished through
developmenand refinement of design concepts using computer simulation wibYI$A.

The research methodology began with a literature review performed on PCB and
transition designs. Next, performance and design criteria were developed to allow the researchers
to evaliate design concepts. Design concepts for guaitd-&8(CB transitions were developed,
discussed, and prioritide A computer simulation effosasundertaken to analyze, refine, and
evaluate the design concepts un@ler3 impact scenarios. Finally, conslions pertaining to the
potential success of each proposed design were made, and recommendationsdalefgiiash
testing were provided.

Two preferred design concepts with a total of fourteen different transition configurations
were evaluatedsing LSDYNA computer simulatiorio determine the optimal transition design
for evaluaton through fullscale testing.These design variations included overlapping and

offsetting of the PCB segments relative to the guardrail, attachment of the guardrail to the

\
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PCBO s , use of kicker beam to i ni tecamainleuom®t i on
beam guardrailEach design configuration was simulated at a variety of impact points and
compared based on specific safety performance criteria for the transittuding vehicle snag,
barrier pocketing, vehicle stability, and occupant risk criteria. Following the analysis, the design
configurations were ranked based on their potential safety performance and presented to the
Technical Advisory Committee (TAC). THEAC selected a preferred design configuration that
usedMidwest Guardrail SystenMGS) guardrail with nested Weam for the transition.

After selection of the preferred design, the researchers used simulation analysis to
determine Critical Impact Points [[€5) for fullscale testing, evaluate additional impacts along
the transition, and analyze impacts on the transition from opposing traffic. This information was
combined with the previous analysis to develop thd fraasition design antecommendations
for full-scale testing and evaluation of the transition.

Based on this research, the nedW#@S configuration was recommended for evaluation
using a fullscale crash testing program. The ned&&S configuration connected the barrier
systems with the Wean endshoe attached to the upstream end of the fourth PCB segment with
a minimum of three PCB segments extending behind the nested MGS. A minimum of-five 12
6-in. long, Wtbeam sections should be nested upstream from thehered For testing purposes,
the transition should consist of at least a twdivy post MGS system and an eleven segment
PCB system at a 15H:1V flare. The critical impact point should occur at the centerline of the
fifth guardrail post upstream from the eskloe attachment for teseslgnation no. 21. The
reversedirection test scenario should use an impact locationilB fh. longitudinally upstream
from the eneshoe attachment for test designation r@13

A simulation effort involving impacts with the 1100C small car wasaooiducted. The

2270P test vehicle was deemed more critical than the 1100C small car for the concept

Vi
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1 INTRODUCTION
1.1 Problem Statement

In practice, portable concrete barrigRCBs) must be connected and transitioned to
many types of barriers. Sometimesgportable concrete baers are connected wmilarly-
shaped prmanent concrete barriers. At other times, portable concrete bartst$e connected
to dissimilar barriers, such asertical concrete barriers, tubular steel bridgéngs, W-beam
guardrail, thriebeam guardrail, and open concrétedge railings. Unfortunatelyyery little
researchhas been devoted this transition needl'he onlypreviouslydeveloped®CBtransitions
have involved attachmemd permanentsafetyshapeconcreteroadsidebarriers ad permanent
concrete median barrie[1-4].

Previously, researchers #ie Midwest Roadside Safety Facility (MWRSF) conducted a
survey of themembers participating in thiglidwest Stéaes Regional Pooled Fund program
order to identify the most prominent transition needs involving portable concrete barriers. The
results,asshownin Table 1, identified atransition between portable concrete barriers and W
beam guardrail as thesond highesheed.As noted abovea transition from portable corete
barrigs to permanent concrete safstyape barriers has been previoudéveloped. Thushe
focus of this researchktudy was to investigate stiffnessnsitiors between portable concrete
barriers and \Abeam guardrail.

A transition between portabt®ncrete barriers an@/-beam guardrail is necessary when
roadway constructiorcreats a work one in an areavith existing Wbeam guardrail. In this
situation,a pation of the Wbeam guardrail is ofteremoved and portable concrete barriers
would be insalled to create a work zon&he area where these two barriers meet can create a

potential hazardespeciallyif a proper transition is not installed, as showkigurel.



Tablel. Summary ofState DOT Survey faPortableConcrete Barrier Transitiorg]

Transiion Iype - Temporary Usefulness Summary: (1) Percent Rank
Concrete Safety Shape Barrier (2) (3)
Transitioning to:

Not Useful Somewhat Useful Very Useful
W-Beam Guardrail 1 2 3 4 é 30%
Thrie-Beam Guardrail 1 2 3 4 5 0% 6
Permanent Concrete Vertical

1

Barrier 4 3 4 2 15% 3
Permanent Concrete Safety
Shape Barrier 1 ‘ S # §- 40% 1
Temporary Concrete Safety
Barrier : 2 P 4 §- 10% 4
Tubular Steel Bridge Railing 1 2 3 4 5 0% 7
Open Concrete Bridge Railing 1 2 3 é 5 5% 9
Box-Beam Guardrail 1 2 3 4 5 0% 8
QOther:

[ 2 3 4 I |

Note: States completing the survey were asked to:
(1) Identify how useful the development of the listed transition would be to your state by circling a number from 1 to 5.
(2) Include the approxi@te percentage of portable concrete barrier transitions which are comprised of the listed transitions.
(3) Rank the transition types in order of their benefit to your state with 1 being the most beneficial.
(4) Include pictures, details, and drawings concerninggpée concrete barrier transitions, including all those listed above.

7T-00€-€0dHION HodaY ASHMN

¥T029C aunC
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Figurel. Unsafe Connection between Guardrail and Portable Concrete Barriers

Some of the primary concerns associated with a tranfigbmeen Wheam guardrail and
portable concrete barriers correspond to the difference in barriectiefis and functionality of
two barrier types. A strongost, Wbeam guardrail system is a semgid installation with
typical permanent set deflectiorsnging between 36 in. (914 mm) and 48 in. (1,219 mm) for
high-speed impacts with passenger vehicles. Howevd?CB system is often placed as a
temporary installation to create and protect work zones, which may have a permanent set
deflection as high as 8. (2,032 mm) under similar impact scenarios. This drastic difference in
barrier deflection could lead to unwanted vehicle snag, pocketing, vehicle instability, or occupant
risk. Therefore, researchers determined that a proper transition in laterat k#ffness and
strength was necessary between the two systém$ortunately, a crashworthy stiffness
transition is currently unavailable.
1.2 Research Objective

The researchobjectives wereto (1) determine performance and design critand (2)

develop astiffnesstransition between portable concrete barriers andéamguardrailtha will
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significantly improve safety fothe motoring publi@and workers within construction zondhe
transitionsystem wagslesigned to meet the Test Level 3 {3 safety pdormance criteria set
forth in the American Association of State Highway and Transportation OffigddSHTO)
Manual for Assessing Safety Hardw#k&ASH) [5].
1.3 Scope

The research objectives were achieved through the completion of several tasks. First, a
literature review was performed on previous testing of-$taadingPCB systems, pinned and
anchored portable concrete barriers;b@am guardrail, transitions betere different baier
types, and various barristiffening techniquesNext, performance and design criteria were
developed that would allow the researchers to deterrthe likelihood of success faach
design concept. Theseveral design conceptsr guardraitto-PCB transitionavere developed,
discussed, and prioritized. A computer simulation effort was undertaken to anelfyze,and
evaluate several of theesign concepts usings-DYNA, a 3D nonlinear finite element codé][
Since ease of ingllation was a desired trait tife tiansition system, the simpla$tsign concepts
were simulated firstBased on the simulation resultspneplexity was later added on an
incremental basisn order to meet the performance and design critdf@. each selected
transition design concepin FEA model was configured. Subsequentlyl DYNA analysis
and design effortvas conducted in order &valuate the transitioroacepts under MASH T3
impact scenariosnodify the configurations, andietermine the Critical Impact Points (CIPs) for
the transition. Finallyconclusions pertaining to the potential success of each proposed design

weremade,and recommendations ftull-scale crash tesig were provided
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2 LITERATURE REVIEW

2.1 Introduction

Beforetransitiondesign concepts were formulateddaimulated, a literature searalas
conduced in orde to review (1) prior guardratio-PCB am PCBto-permanent barrier transition
configurations, (2)barrier deflections,and (3) other barrier stiffening technique# brief
summary for the relevamesearch studies are provided below and inctadedescriptios test
conditions,and dynamic andpemanent set deflections for actual and simulated .td83tsse
results aided in theormulationof design concept®r the transition between \Weam guardrail
and portable concrete barriellease note that the purpose of this literature review was to
identify similar research andain knowedge of baier deflections and transitiestiffening
techniquesHowever,a historicalsummary for all barrier transitions is rintludedheran.
2.2 Crash Testing and Simulation Studies onFree-Standing PCBs

2.2.1National Crash Analysis Center Finite Element Study

In 2007, the National Crash Analysis Center (NGAGnducted an extensive {L3ZYNA
computer simulation study to evaluate the performance of portable concrete piatladsng
different combinations of PCBhapeslengths, and carection typeq7]. As illustratedby the
simulation matrix in Figure 2, 160 different combinations were examined untiher National
Cooperative Highway Research Program (NCHRP) Report350 safetyguidelines forTest
Level 3(TL-3). Thisinvestigationrequiredthat each simulation b&etup for an impact witra
4,4091b (2,000kg) pickup truck at an angle of 25 degrees and an impact velocity of 62.1 mph
(200 km/h). For this effort, fulscale crash test results and findings from previous studies were
used to develop and validate the computer models. Each y&&Brswas evaluated foccupant
ridedown accelerationpccupant impacvelocity, barrier displacement, and rotation angle. Full

results of the study can be found in the chiaxtatedin Appendix A
5
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Figure2. Simulation Matrix for NCAC Study []

2.2.2Development ofMWRSF F-Shape FCB

In 1996, researchers tite Midwest Roadside Safefacility (MWRSF) developed an-F
shape PCB for the Midwesta&esRegional Pooled Fund progrdi@]. Prior to this effort, PCB
configurationsvaried significantly from state to state. As suclontractors that worked in
multiple stateswere requiredo eithermairtain inventories of several PCB configuratioms
seek approval to use alternate designs on a piioyegptoject basis. Therefore, a need existed to
develop test,and evaluate one standardiz&B design that met the FB impact safety
standards prodied in NCHRP Repdr No. 350. The Fshape PCBwvas chosenas shown in
Figure3, and two fultscale crash tests were conducted and are discussed below.

The initial system consisted of sixteen-f126-in. (3,810-mm) long F-shape PCB

segments for a total system length of 203 8% in. (62.0 m). The PCB system was free

standing on a comete surface and utilized a pamdloop barriefto-barrier connectin. During
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Figure3. Initial Prototype forF-Shape PCB SegmefiTMP-1) [8]

test no. ITMPL, a 4,409b (2,000kg) pickup truck impactethe PCB systerata speed 064.1
mph (103.2km/h), and at an angle of 27.6 degrees using a p@irft 1 9% in. (1,49 mm)
upstream fronthe joint between barrier nos. &9 Upon impact, the vehicle climbed and
overrode the system, and the test wasmbgkunsuccessful.

Upon inspection of the damaged barrier system, it was discovered that considerable
damage occurred at the barrier joints. It was determined that this damage was likely caused by
the weakened recessed areas located abfhend of eachdrrier segmentThe recessed areas
were incorporated for future use in implementing a rigid joint for permanent barrier installations.
In order to reduce joint rotations and prevent barrier uplift, it was necessary to strengthen the
barrier ends by elimirieng the recessed areas. ThigroBt was completed in a thresep
process, as shown kigure4.

The second systemonsisted of twentgpne 12ft 6-in. (3,810-mm) long F-shape PCB
segments for a total system length of 267 %% in. (81.5 m). The PCB system was free

standing on a concrete surface and utilizethaandloop barrierto-barrier connection. During
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Retrofit Step One Retrofit Step Two Retrofit Step Three
Cut away concrete olon Drill holes and insert 2 Fill with concrete to
dotted line (avoid rebor?. “U =shaped bars to complete retrofit.

“clase” the end stirrups.

Figure4. Retrofit toF-Shape PCB Section8][
test no. ITMP2, a 4,42db (2,005kg) pickup truck impacted the PCB system at a speed of 62.3
mph (100.3 km/h)and at an angle of 27.legrees using a poir® ft i 11% in. (1,200 mm)
upstream fronthe joint between barrier nos. 8 and 9. The system contantededirected the
vehicle withmaximum lateral dynamic anghermanent set deflectisrof 3 ft 1 9% in. (1,49
mm) and3 fti 8 O i ,b40 mrf) tespectivelyand was determined to be successful according
to TL-3 of NCHRP Report No. 350.

2.2.3F-ShapePCB Evaluation under Update to NCHRP Report No. 350

With the vehicle fleet comantly changing and growing, standards for testing and
evaluatingroadside safety hardware must also change. TNG$RP Report No. 350 wdseing
updated to includéeavier vehicles with higheenters of gravity.n 2006,MWRSF researchers
conducted anothecrash test under the impact conditions outlined in the UpdatéCHRP
Report No. 35(i.e., future MASH)on the Fshape PCB system that had beeeviously tested
[9].

The system consisted of sixteenfLB-in. (3,810mm)long, F-shape PCB segments for a
total system length of 204 it 6 in. (62.3 m). The PCB system was fstanding on a concrete

surface and utilized pin-andloop barrierto-barrier connection. During test no. 22142Ba
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5,0001b (2,268kg) pickup truckimpacted the system 48 in. (1,219 mm) upstréam the joint
between barrier nos. 8 and®a speed of 61.9 mph (99.6 km/idat an angle of 25.4 degrees.
The system containedd redirected the vehicle withaximum lateralynamic andoermanent
set ceflectiorsof 6 ftT7 7 ¢ 1 n 2mnf) and®fRi 1 in. (1,854 mm)respectivelyand was
found to be successful according to e 3 criteria published in thElpdate to NCHRP Report
No. 350.
2.3 Testing of Pinned and Anchored PCBs

2.3.1 Limited-Slip PCB Connectim

In 1993, researchers at TTIl conducted a study limiteddisplacemenfCB systems
immediately adjacent to vertical draffs for the Texas Departent of Transportation (TxDOT)
[10]. There arecircumstances that require PCB systeémbe positioned immediately adjacent to
vertical dropoffs in temporary work zones. Durinigese cases, there is insufficient lateral space
for displacement ofree-standing PCB systes during crash eventJwo different barriefto-
barrier connection typesere used in this stuggndtest results fronfree-standingand anchored
configuratiors were comparedThe two different barrieto-barrier connection typescludeda
channel/anglesplice connection and a grgdlot connection. Five fulbcale tests were conducted
using 30ft (9.1-m) long New Jersey safetshapePCB segmenisand are discussed below.

The first systm consisted of four 3fd (9.1-m) long segmentfor a totd systemlength of
120 ft (36.6m), which wereplaced immediately adjacent to a vertical dodp The PCB system
was pinned to the concrete sagé through the front toe of eaPlCB with four evenlyspaced
1Yxin. (322mm) diameter x 20¥%n. (522mm) long steel pirs at an angle of 53.1 degrees from
the horizontal planeas shown inFigure 5. The PCBsystem utilized a channel/angiplice
barrierto-barrier connection. During tésno. 1959A1, a 4,416b (2,000kg) pickup truck

impacted the sstem 5 ft (1,524 mm) upstream frdime joint between barrier nos. 2 andit3a
9
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speed of 60.3 mph (97.0 km/@ndat an angle of 25.7 degrees. The vehicle rolled upon exiting
the PCB systemandthe testwas determinedio beunsuccessful according #_-3 of NCHRP
Report No. 350. Researchers analyzed the test and determined that a longer PCB system would

likely have contained the vehicle.

'
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Figure5. Limited-Slip PinPlacement Anglel[0]

The second sysin consisted of nine 3 (9.1-m) long segment$or a total system
length of 270 ft (82.3 m)which wereplaced immediately galcent to a vertical dropff. The
PCB system was fregtanding on a concrete suwéaand utilized a channel/angiplice barrier
to-barrierconnection. During test no. 19594 a 44091b (2,000kg) pickup truckimpacted the
system 5 ft (1,52 mm) upstrea from the end of barrier no. 4t a speed of 61.9 mph (99.6
km/h), and at arangle of 26.1degrees. All of the PCB segmemiswnstream fronthe impact
location weredisplacedoff the vertical dropoff. Consequentlytest no. 19594 was considered
unsuccessful according Td.-3 of NCHRP Report No. 350.

The third sysgm consisted of nine 3@ (9.1-m) long segment#or a total system length
of 270 ft (82.3 m) which wereplaced immediately adjacent to a vertical dofp The PCB

system was pinned to the concrete acefthrough the front toe of eaBICB with four evenly

10
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spaced 1%n. (32mm) diameter x 20%n. (522mm) long steel pins at an angle of 40.1 degrees
from the horizontal plane. The PCB system méti a channel/angkplice barrierto-barrier
connection. During test no. 19593 a 4,409b (2,000kg) pickup truckimpacted the stem 5
ft (1,524 mm) upstream frome end of barrier no. dt a speed of 60.6 mgR7.5 km/h) andat
an angle of 26.2 degrees. The system contained and redirected the vehicle with a maximum
lateral permanent set deflection of 5 in. (127 mm) and was considered successful according to
TL-3 of NCHRP Report No. 350.

The fourth sysgtm conssted of nine 36t (9.1-m) long segment®r a total system length
of 270 ft (82.3 m)which wereplaced immediately adjacent to a vertical dofp The PCB
system was pinned to the concrete acefthrough the front toe of eaPIiCB with four evenly
spaxed 1Yxin. (32mm) diameter x 20%n. (523kmm) long steel pins at an angle of 40.1
degrees from the horizontal plan€he PCB system utilized a grglot barrierto-barrier
connection. During test no. 19594 a 4,409b (2,000kg) pickup tuck impactedthe sytem 5
ft (1,524 mm) upstream fromme end of barrier no. & a speed of 60.9 mph (98.0 km/apdat
an angle of 23.7 degrees. The vehicle came to a rest on top of the PCB system with a maximum
lateral permanent set barrier deflection of 9 in. (288) and was considered successful
according torL-3 of NCHRP Report No. 350.

The fifth system consisted oine 30ft (9.1-m) long segmentor a total system length
of 270 ft (82.3 m)which wereplaced immediately adjacent to a vertical dofp The P@B
system was frestanding on a concrete surface and utilized a-gdtconnection. During test
no. 1959A5, a 4,409b (2,000kg) pickup tuck impactel the system 4 ft 6 in. (1,372mm)
upstreamfrom the endof barrier no. 2at a speed of 44.6 mph (8lkm/h) andat an angle o

25.0 degrees. Two PCB segmewtse displaced off the vertical draf, and the vehicle rolled

11
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upon exiting the PCB system. The test was considensdccessfufor installation in a low
speed work zone accordingTa-2 of NCHRP Report No. 350.

2.3.2K-Rail Used in SemiPermanent Installations

In 1999, researchers thte California Department of Transportation (Caltrans) conducted
compliance testing of the California-Rail (New Jerseygafetyshape) PCB irsemipermanent
applications 11]. The California kRail had previously been tested in figanding applications
according to NCHRP Report No. 350, but in the nesé of limiting deflections of the PCB
system, a senpermanent installation was developed. In compliance with NCHRP Report No.
350, two fullscale crash tests were conducted on the-pemnanent application.

Both systems consisted eifght 26t (6,096mm) long segmestfor a total system length
of 160 ft (48.8 m). The PCB systems were pinned in all four corners to an asphalt concrete
surface. The pins wereift. (25mm) diameter x 24n. (610mm) long steel stakes. The PCB
system utilized gin-andloop barrierto-barrier connection. During test no. 551, a4%4b
(2,016kg) pickup truckimpacted the system at the joint between barrier nos. 4 ahed Speed
of 62.5 mph (100.6 km/handat an angle of 25.0 degrees. The system contained and ratlirecte
the vehicle with a maximum lateral permanent set deflection of 2% in. (70 mm) and was
considered successful accordingTb-3 of NCHRP Report No. 350. During test no. 5%2,
1,86%Ib (844kg) small carimpacted the system at the joint between barrier Acand 5at a
speed of 63.2 mph (101.7 km/lgnd at an angle of 20.0 degrees. The system contained and
redirected the vehicle with a maximum lateral permanent set deflection of 1 in. (25 mm) and was
considered successful accordinglio-3 of NCHRP ReportNo. 350.Due to a misinterpretation
of the original drawings, the pins were cut to a length of 24 in. (610 mm) instead of the intended

394 in. (1001mm). So, &er evaluation of both tests, the CaliforniaR&il was recommended

12
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for use with four 1in. (25-mm) diameter x 39-4h. (100Emm) long steel stakes in each corner

of the PCBs, as shown Figure®6.

610 mm
M
1’ \l 810 mm

i ' \ 51 mm
_ o 1 { AC MINIMUM

1000 mm

Figure6. California K-Rall SteelStakve Setup]il]
2.3.3Development of a TieDown System forF-ShapePCBs

In 2002,MWRSF researchers developadiedown system for PCB<LP]. During bridge
construction, PCBs are often placed adjacent to the edge of a bridge deck. However, free
standing PCB systenmear vertical drojffs are at risk of being displacedf of the bridgedeck
whenimpacted by an errant vette. In order to deceese this risk, researchers developesteel
tie-down strap that could be placed ttve connection pin at the PCB joirged anchoretb the
bridge deck usingirop-in anchors. Following a series of {LBYNA computer simulationsas
well ascomponent testingf the steel tiedown strap, researcheparsuel full-scale crash testing
with the design shown iRigure?. The design consisted of arg (76-mm) wide x %in. (6-mm)
thick x 36in. (914mm) long piece of ASTM A36 steel bent into a trapezoidal shape. The straps
were attached to the bridge deck using two Red Head $9mm) diameterdropin anchors

and 34in. (19-mm) diameter x 2%n. (57-mm)long, ISO Class 8.8 bolts.
13
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Figure7. Steel TieDown Strap 12

The test installation consisted of sixteen #2 6-in. (3,810mm) long, F-shape PCB
segmentplaced 12 in. (305 mmgwayfrom a simulated bridge deck edge. Thedievn straps
were installecht eleven jointsbeginning at barrier no. 2 and ending at barrier no. 13. During test
no. ITD-1, a 4,4349b (2,012kg) pickup tuck impacted the system 3ift11% in. (1,200 mm)
upstream fronthe joint between barrier nos. 8 andt9 speed of 60.6 mA7.5 km/h) andat
an angle of 24.3 degrees. The PCB system contairgededirected the vehicle witlnaximum
lateraldynamic ancgpermanent set Iaer deflectiors of 3 ft7 1% in. ($9mm) and 2 fii 9% in.
(851 mm), respectively The tiedown straps wer designed to suppothe dead weight of three
PCB segmentdn test no. ITD1, only one PCBegmentvas displacedompletely & the bridge
deck with two PCB segmenpartially displacedoff the bridge deck. Thus, the results from test
no. ITD-1 weresuc@ssful according tdL-3 of NCHRP Report No. 350.

2.3.4 Development of TieDown System for Redesigned Shape PCB

In 2003,MwRSFresearchrsdevelomda tieedown system for redesignedshape PCBs
that incorprated a bolthrough detail 13]. Theredesigned shape PCB#corpaateda three

loop connection that provided double shear at two locations on each pin. Tierdaith tie-

14
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down system c o nirs(2%Bmmg dlametdrASTM A3@7eanchoa bolts with heavy
hex nuts and-&. (76mm) x 3in. (76mm) x ¥zin. (13mm) thick washers spaced evenly across
the traffic side of each®B segment, as shown kigure8. Each anchor bolt was epoxied into
the concrete with an embedment depth of 12 in. (305 mm).
Thetestinstallaion consisted of sixteen 2 6-in. (3,818mm) long, redesigned-shape
PCB segments placed adjacent wimulated bridge deck edge with a total system length of 204
ft (62.2 m). During test no. KTR, a 4,449b (2,018kg) pickup truck impacted the system 5 ft
5 in. (1,651 mm) upstream from the joint between barrier nos. 8 and 9 at a speed of 62.0 mph
(99.8 km/h) and at an angle of 25.3 degrees. The system contained and redirected the vehicle
with maximum lateral dynamic and permanent set deflections of 11.3 in. (287 mm) and 3% in.
(89 mm), respectively, and was considered successful according2aTNCHRP Report No.

350.

13 % 76 x 76
Square Washer (A3&)
57 203 , 127
29 mm & A307
Anchor Bolt A
/1 w/ Heavy
/ Hex Nut
1 1
[ -] o
& b 0
o Anchor Bolt
51 mm & Hole Blockout ‘:3
€ Sl man | S1 ‘ En ' gr
@ Hole B ——
| a
~
i
Bolt on TrafFfic Side Only I a,:';l;m

571 |

L] 1
END VIEW

Figure8. Tie-Down Systen for Redesigned-Bhape PCBI13]

15



June 262014
MwRSF Report NoTRP-03-300-14

2.3.5 Tie-Down and Transition for PCBs on Asphalt Road Suréces

In 2006,MWRSF researcherdeveloped a tielown system for PC8on an asphalt road
surface 1]. Previous tiedown systems had been developed, but only tested on concrete surfaces
and thus were not appropriate for use on asphalt road surfaces.-tibe/tisystem consisted of
F-shape PCB segmentéaced on a-n. (51-mm) thick asphalt pad with tlee 1%in. (38 mm)
diameter x 3@n. (914mm) long, A36 steel pins installed through the holes on the traftie

toeof the PCB segments.

72°
- ]
48 1
[ = v » J
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| = —
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| = |
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\Asphclt Barrier Pin
U Assambly

Figure9. Asphalt Pin Assemblyl]

The test installation consisted of sixteen #2 6-in. (3,816mm) long F-shape PCB
segmentgplaced 6 in. (152 mmydm a 3ft (914-mm) wide x 3ft (914-mm) deep trenchThe
tie-down pins were installed on the middésn PCB segments. During test no. FIBa 4,434Db
(2,01%kg) pickup truckimpacted the stem 4 ft (1,219 mm) upstream frdime joint between

barrier nos. 8 and &t a speed of 61.3 mph (98.7 km/mdat an angle of 25.4 degrees. The tie

16
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down PCB systm contained ad redirected the vehicle witthaximum lateraldynamic and
permanent set barrier deflect®of 21.8 in. (554 mm)and 1 a i n. , (eQ8&cBvelyAm)
portion of the soil and asphalt fractured and separated/ from the road surface benedtie

PCB system due to loading of the-tliewn pins. The sepated area was approximately 23 %

in. (72-m) long and had an average separation of 7 in. (178 mm). However, this separation did
not adversely affect the performance of the systerd reseahersdeterminé that test no. FTB

1 was successful accordingTh-3 of NCHRP Report No. 350.

A second aspect tiie researcpertainedo a transition between barrier systems. When a
free-standing PCB system is connected to a rigid barrier, a transitisre&etthe two barrier
systems may beequired. Thdinal transiton utilized a varied spacing of the same asphak tie
down pins fromFTB-1 over a series of four PCB segments to create a transitsfiffiress, as
shown inFigure10. The first barrier inhe transition had a single pin the downseam end.

The second barrier had pins installed at the two outside hole locations. The final two barriers had
all three pins installed. In addition, either-g@uge (3.42nm) or nested XBauge (2.66nm)

thrie beam was bolted across both sides of the [mtween the pinned barriers and the rigid
barrier system in order to reduce the potential for vehicle snag at the joint.

3.81 m section of

10 gaouge thrie beam

with end shoes on

front & baock sides — . Free Standing

Rigid F—shape Barrier
Barrier

T [ — —t—- - | S— ——]

) 4 roes | pmc - v | rre— - —~—r ]

;spholt Pin

Asphalt Pin Asphalt Pin Asphalt Pin
Figurel0. PCB Transitiorfrom FreeStanding to Rigid]]
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The testinstallationconsisted of twentywo 12-ft 6-in. (3,818mm) long, F-shape PCB
segmentsfive rigidly constrained barrierdour transition barriersand thirteen frestanding
barriers. All four transition barriers and twelve of the fst¢@nding barriers were installed on-a 2
in. (52-mm) thick asphalt padwhile the five rigidlyconstrained barriers and one fstanding
barrier were installed oaconcretesurface During test no. FTE, a 4,4749b (2,030kg) pickup
truck impacted the stem 4 ft (1,219 mm) upstream frdhe joint between barrier nos. 8 and 9
at a speed of 63.8 mph (102.7 km/apd at an angle of 26.1 degrees. Thedevn PCB
trarsition system containednd redirected the vehicle witmaximum lateraldynamic and
permanent set barrier deflectoof 1 8 E i n . ( 458:7n. (b3B1)nm) eespelctively and
was determined to be successful accordinfLie3 of NCHRP Report No. 350.

2.3.6PCB Transition to Tall Permanent Concrete Median Barrier

In 2010, MWRSF researchers developed a transition betweenstdrebéng PCB system
and a permanent concrete barrier for median applicat@ngie permanent concrete barrier
chosen for testing was the-#2 (1,06#mm) tall, singleslope median barrier, while the PCB
was a 32n. (813 mm) tall, F-shape barrier. The system consisted of eightdtaeding bargrs,
four transition barriers, and a rigid parapet. The -g@mding and transition barriers were
installed on a 3n. (76-mm) thick asphalt pad. The transition barriers used a varied spacing of
asphalt pins to create a transition in stiffness over lbawriers. The asphalt pins used were 1%
in. (38mm) diameter x 38%n. (978 mm) long ASTM A36 steel pins with a steel cap plate on
the top. The first barrier in the transition (adjacent to thedtarding barrier) had a single pin at
the downstream enthrough both the frontand backside toes. The second barrier had pins
installed at the two outermost hole locations on both the-feomtt backside toes. The third and
fourth transition barriers had all three pins installed on both the-feort backside toes. In

order to prevent vehicle snag, nestedgaRge (2.66nm) thrie beam sections were installed on
18
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both the front and back sides of the joint between the pinned barriers and the rigid parapet, as

shown inFigure8.

Figurell Transition from PCB to Perman(a:;r’i.tl ‘(‘Zoncreté Barﬂ]ar [
Using finiteelement modeling, two critical impact locations were identified fordadle

crash testing. Thus, two fudicale crash tests were conducted on the system described above.

During test no. TCBT1, a 5,178b (2,347kg) pickup truck impacted the transitibnar r i er 56 E

in. (1,432 mm) away from the upstream end of the permanent concrete barrier at a speed of 62.5

mph (100.6 km/h)and at an angle of 24.7 degrees. The system safely contained and redirected

the vehicle withma x i mum | at er al dynamic and permanent

mm) and ¥4 in. (6 mm), respectively, atmhsequentlyvas deemed successful according te3rL

of MASH. During test no. TCB®R, a 5,16db (2,341kg) pickup truck impacted the systedrft

T 5% in. (1,048 mm) upstream from the end of barrier no. 5 at a speed of 62.2 mph (100.1 km/h)

and at an angle of 26.2 degrees. The system safely contained and redirected the vehicle with
19
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maximum lateral dynamic and permanent set barrier deflectibB84 in. (864 mm) and 34 in.
(864 mm), respectively, arabnsequentlyvas deemed successful according te3raf MASH.
2.3.7Evaluation of 12-ft 6-in. Pinned FShape PCB

In 2006, TTI researchers evaluated mechanisms liforiting deflectiors of 12-ft 6-in.
(3,8100mm) long F-shape PCB systems iaied near extreme drepffs [14]. From the
currently availablePCB-restraining or-anchoring mechanismsnost designs requicethrough
deck bolting, anchor bolts with adhesive bonding, or other constraining straps. The goal of this
research was to develop an e&synstall restraining mechanism to linCB deflectionshile
minimizing the damage to the bridge deck. The desigorporate two 1%:in. (38mm)
diameter x 21%n. (540mm) long ASTM A36 steel droppi ns pl acie @8mmto 10
diameter holes ast into the toe of each PC&gment at an angle &0 degrees from the
horizontal. The embedment depth of the dpops was 6% in. (159 mm)when measured
vertically. Each of the holes for the drpms was located 16 in. (406 mm) away from the ends
of the barrier segments on the traffice of the PCBs.

The testinstallationconsisted of eight & 6-in. (3810-mm) long pinned Fshape PCB
segmentgplaced adjacent to a simulated bridge deck edge with a total system length of 100 ft
(30.5 m). During test no. 40514023 a 4,&d4-Ib (2,120kg) pickup truckmpacted the system 4
ft (1,219 mm) upstam fromthe joint betweendxrier nos. 3 and 4t a speed of 62.7 mph (100.9
km/h), and at an angle of 25.4 degrees. Thedmvn PCB transition system containexdda
redirected the vehicle witmaximum lateraldynamic andpermanent set barrier deflectgaf
11% in. (292 mm) an®&% in. (146 mm) respectively and was determined to be successful

according tolL-3 of NCHRP Report No. 350.
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238 Pinned Anchorage System for New York St
In 2009,MwRSFresearchers evaluated mechanisms for limitiaflectiors of New York
St a NewdJerseysafetyshape PCB systeni$]. For PCBs located aalgent to vertical drop
offs, NYSDOT found it desirable to utilize vertical pins through the bsidke be of the PCBsn
order to reduce barrier deflections as well as to reduce the need for workers to be positioned on
the trafficsidefaceof the system when installing anchots an attempt to reduce construction
costs and damage to bridge decks, verpaad wee placed in every other PG2gment in order
to evaluate whether the barrier deflections would be maintained to reasonable levelsinFour 1
(25-mm) diameter x 15%n. (394mm) long,hot rolled ASTM A36steel rods were used to pin
the PCB segmestto the concrete surface through the bside toe. Each anchor rod was
i nsert ed-ini(20mm) diameteradrilled hole in the rigid concrete surface using an
embedment depth of 5 i(l27 mm), as shown iRigure12.
The full-scale crash test consisted of terf2(®,096mm) long, New Jerseyafetyshape
PCB segments with a total system length of 200 ft (61.0 m). The PCB system utilizbdan |
key connectobarrierto-barrier connection and only PCB segment nos. 1, 3, 5, 7, and 9 were
pinned to the concrete surface. During test no. NY-HCR 5,172b (2,346kg) pickup truck
impacted the system %1 in. (1,300 mm) upstream from the joint between barrier Aand 5
at a speed of 62.3 mph (100.3 km/éd at an angle of 24.3 degrees. The pinned PCB system
contained and redirected the vehicle with maximum lateral dynamic and permanent set barrier
deflections of 64.8 in. (1,646 mm) and 53% in. (1,359 mmpe&s/ely, and was determined to

be successful according to 3.of MASH.
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239Pi nned Anchorage SystemifPlteseliNew Yor k St a
Previous research was conducted to redbeef | ect i ons of New Yor k
safetyshape PCB system by anchorialjernating PCB segments to the concrete surface with
vertical steel pins placed through the badke toe 15]. However, significant barrier deflections
were obsared during the fulscale crash testvhich may need to be reduced foork zones
with restricted spacen12010, MwRSFesearchergonductedfurther research olNew York
St at eds bdhaetyshape RC8 sygtem with every PCB segment anchored to theetson
surface 16]. Four Lin. (25mm) diameter x 15%¥%n. (394mm) long, hot rolled ASTM A36 steel
rods were used to pin the PCB segments to the concrete simfagght the backide toe. Each
anchor rod wa s-in.i(28mm)diameter, drilled hole iathelrigid concrete surface

to an erbedment depth of 5 in. (127 mm), as showRigurel13.
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Figurel3. NYSDOT Pinned PCB, Phase Il Setu|

The test installation consisted of ten 2@ (6,096mm) long New Jerseysafetyshape
PCB segments with a total system length of 200 ft (61.0 m). The PCB system utilizbdan |
key connetor barrierto-barrier connectiorand the system was placed 12 in. (305 mm) laterally
from the edge of a simulated bridge deck. During test no. N¥5C8 5,12-Ib (2,324kg)
pickup truckimpacted the system 4 3% in. (1,300 mm) upstream frome joint between
barrier nos. 4 and &t a speed of 64.3 mph (103.5 km/amdat an angle of 26.2 degrees. The
pinned PCB system contained and redirected the vehicle with maximum lateral dynamic and
permanent set barrier deflections of 20% in. (521 mm) and(@29 mm), respectively, and was
determined to be successful according tolthe8 of MASH.

2.3.10Termination and Anchorage of PCBs

In 2009, MWRSF researchersnvestigatedtermination and rd anchorage for PCB
systens [17]. The impact behavior of PCBs, when struck near the upstream end of the system,

had never been investigated. In order étedmine impacloads forfuture analysis and design of
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the terminatbn anchorsystem, computer simulations were conducted usingahdinear finite
element code, L®YNA.

Upon determination of the design loadeveralconcepts were explored, and a driven
steel anchor post concept was chosen forsitdlle testingThe PCB segmentarthest upstream
was installed with 36 in. (914 mm) @6 downstream end placed orcancrete surface and the
remainder of the PCB segment resting on soil. This end barrier was anchored by two cable
assemblies that connected the end caiongxn to two driversteelanchor postsEach of the
two anchor posts utilizeah 8-ft (2,438 mm) long, W6x25 (W152x37.2) steel section with a 24
in. (610mm) x 24-in. (610-mm) x ¥2in. (13-mm) thick soil plate welded to the front flange and
a %zin. (13mm) thick plate welded to the top of the poShe anchor posts were installedsolil
with an embedment depth of 8 ft (2,438 mm). One post was located along the longitudinal axis
of t he s yns11563mm) dpStrEamom the first barrier. The second poagas located
29E i n. (7 4 6fromthe)firstibgrreeit andeoéiset 11% in. (28#m) laterally from the
traffic-side face of the barrier.

Cable brackets were bolted to the top of the anchor posts, which were assembled from
multiple ¥z2in. (13mm) thick, A36 steel plates welded together. The cable assemblies were
comprised of a ¥n. (19mm) diameter, 7x19 wire rope, BCT cable end fiting Crosby
heavyduty HT thimble, and a 11BHT mechanical splice. One 54% in. (1,391 mm) long cable
assembly was gned with the longitudinal axis of the barrier system. This cable assembly was
attached with one end fixed between the lower barrier loops on an additional connection pin on
the upstream end of the barriand the other end attached to the anchor pbst.ehd connector
pin utilized a second 24f. (64mm) wide x 4in. (102mm) long x %4in. (13mm) thick ASTM
A36 steel plate and a-ia. (13mm) diameter x 1n. (254mm) long Grade 8 hex bolt and nut

at the botdbm of the pin to prevent irom pulling aut of the barier loops whenoaded. The
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secmd cabl e ass e mb.l(ly229mm)dosg) and it wag &@té&ched from just below
the top barrier loop on the connector pin on the end of the barrier to the offset anchor post. A pin
sleeve, made from 14f. (38mm), Schedule 40 pipe, was used to keep the anchor cables in the
correct vertical positiong.he astested PCB end anchorage is showRigure14.

The test installation consisted of twelve 1# 6-in. (3,816mm) long, Fshape PCB
segments that utilized the end anchorage design above for a total system length of@L56 ft
(47.7 m). The PCB system utilizedpan-andloop barrierto-barrier connection. Dumg test no.
TTCB-1, a 4,991b (2,264kg) pickup truck impacted theystem 9 ft-e i n. (2,759
downstream from the upstream end of barrier no. 1 at a speed of 62.9 mph (101, 2hkd4t)
an angle of 25.5 degrees. The maximum dynamic anchor defeet@re 5.3 in. (135 mm) for
the offset anchorage and 6.2 in. (157 mm) for théinm anchorage, measured from string
potentiometers mounted on the anchors. The PCB end anchorage system contained and
redirected the vehicle with a maximum lateral permasenbarrier deflection of 66% in. (1,689

mm), and was determined to be successful according to #3eof IMASH.

Figurel4. PCB End Anchoragel[/]
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2.4 Testing of W-Beam Guardrail Systems

2.4.1 Guardrail Deflection Analysisi Phase |

In 2011, TTI researcherseviewed literature omrevious fullscale crash tests gleam
guardrals tested in accordance withe criteria set forth iNational Coopertave Highway
Research Program (NCHRMReport No. 350and Manual for Assessing Sa&yeHardware
(MASH) testno. 3-11 [18]. The guardrail systemwere dividedinto one of five categories:
single 12gauge(2.66mm) W-beam rail thrie beam rajlnestedW-beamrail, 13-gauge(2.28
mm) Buffalo W-beamrail, and Wbeam rail designed for special applications. The single 12
gauge(2.66mm) W-beam rail category was ofgicular interestor this researchand the TTI
findings can be found iAppendix B A performancesummaryof the 27%in. (705mm) and 31
in. (787mm) tall guardail systens can be found in Tablezand3, respectivelyBased on this
information,an average dynamic deflection of 39.7 in. (1,008 mm) and 41.4 in. (1,052 mm) was
calculated for the 273h. (705mm) and 31in. (787mm) tall guardrail systems, respectively.
An averagepermanent setleflection 0f24.3 in. (617 mmand 28.4 in. (721 mm) waalso

calculatedor the 27%in. (705mm) and 31in. (787mm) tall guardrail systems, @sctively
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Table2. System Performance of 27# (705mm) Tall Guardrail Systems

Permanent Set Dynamic
Test Agency Test Name Test Designation | Deflection, in. Deflection, in. System Configuation
(mm) (mm)
TTI 4054211 NCHRP 350 311 21.6 39.4 Modified W-beam, strong post G4(1S) guardrail
(701) (1,001) '
31.1 43.3 .
TTI 4053911 NCHRP 350 311 (790) (1,100) Round wood post G4(2W) guardrail
28.3 44.5 - .
TTI 40000tMPT-1 NCHRP 350 311 (719) (1,130) Modified G4(1S) with recycled blockouts
17.7 29.5 o
TTI 4396371 NCHRP 350 311 (450) (749) Modified G4(1S)
TTI 400001APL-1 NCHRP 350 311 (:%S) (15 2'661) Modified G4(2W) with Amitty plastic's recycled posts
33.9 40.6 , .
TTI 4042011 NCHRP 350 311 (861) (1,031) G4(2W)with 100mm asphaltic curb
12.8 31.9 G4 withHALCO X-48 steel posts and recycled plastic
TTI 400001CFI1 NCHRP 350 311 (325) (810) blockouts
TTI 40000%ILP2 NCHRP 350 311 (éig) (:%g) G4(2W) guardrail with imperial‘ham posts and blockouts
: i 27.6 51.2 G4 guardrail with lighiveight HALCO X-40 steel posts and
E-TECH Inc. | 41-1655001 NCHRP 350 a1 (701) (1,300) recycled plastic blockouts
T 40000IMON1 | NCHRP 350 311 (12%44) (38%'@) Modified G4(1S) with Mondo Polymer blockouts
MwRSF PR-1 NCHRP 350 311 N/A (?;%5) Strong Wbeam guardrail with posts installed in rock
SWRI N/A_1 NCHRP 350 211 N/A 40.6 O-Post as an alterna_tlve to a standard W6x8.5 steel post fq
(1,031) for W-beam guardrail
SwRI N/A 2 NCHRP 350 311 N/A (fi‘;}) O-Post impacting at the open side
: i 23.6 27.6 G4 guardrail with lightveight, strong HALCO X44 steel posts
E-TECH Inc. | 41-1792001 NCHRP 350 311 (599) (701) and recycled plastic blockouts
33.3 47.1 . .
MwRSF 2214WB2 MASH 3-11 (846) (1,196) Modified G4(1S) guardrail
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Table3. System Perforance of 31in. (787mm) Tall Guardrail Systems

Permanent Set Dynamic
Test Agency Test Name Test Designation | Deflection, in. Deflection, in. System Configuation
(mm) (mm)
MwRSF NPG4 NCHRP 350 311 25.7 43.1 Modified Midwest Guardrail System
(653) (1,095) Y
24.1 40.3 s
MwRSF NPG5 NCHRP 350 311 (612) (1,024) MGS with &in. tall concrete curb
12.0 17.6 . .
MwRSF NPG-6 NCHRP 350 311 (305) (447) MGS with reduced post spacing
MwRSF 2214MG1 MASH 3-11 42.9 57.0 Midwest Guardrail System
(1,090) (1,448) y
31.6 43.9 . .
MwRSF 2214MG2 MASH 3-11 (803) (1.115) MGS with reduced post spacing
TTI 2205702 MASH 3-11 28.7 40.9 W-beam guardrail on SYLP
(729) (1,039) 9
22.0 35.0 . I . .
SwRI GMS-1 MASH 3-11 (559) (889) Modified G4(1S) longitudinal barrier with GMS fastener
35.5 60.2 . .
MwRSF MGSDF1 NCHRP 350 311 (902) (1.529) MGS with Douglas Fir wood posts
27.8 37.6 , .
MwRSF MGSPR1 NCHRP 350 311 (706) (955) MGS with round Ponderosa Pine posts
31.0 38.4 o .
TTI 400001TGS1 MASH 3-11 (787) (975) Trinity Guardrail System (TGS)
Holmes i 31.5 41.3 Nucor Strong Post Wdeam guardrail system without
Solution 57073112 MASH 3-11 (800) (1,049) blockouts
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2.5 Testing of Transitions Between Different Barrier Types

2.5.1Two Approach Guardrail Transitions for Concrete Safety Shape Barriers

In 1996, MWRSF researcherdeveloped two guardraib-concreée safetyshape barrier
transitiong19]. One transition design wasnstructed using W6x9 (W152x13.4) steel posts, and
the othersystem wagonstructed using-t. x 8&in. (152mm x 203mm) wood posts. For both
systems, a variedogt spacing consisted of opestat 11% in. (292 mm), five at 18% in. (476
mm), and three at 37% in. (953 mm). The stesld woodpost versions of the approach
transition are shown in Figured5 and 16, respectively. Two fulscale crash tests weer
conducted on each approach transition desiga fotal of fourtests.

The first fullscale crash test utilized steel posts with an embedment depth of 43 in.
(1,092 mm) in the thrie beam area. During test no. ¥INd 4,396b (1,994kg) pickup truck
impacted the system 7iftt 1 O i n. ( 2, 4 35 thaend ofthp concrete hamard r o m
speed of 62.1 mph (99.9 km/fand at arangle of 25.0 degrees. The system experienced larger
than expected deflectionsvhich caused pocketing upstream of thadge rail end. The
pocketing caused a high exit angle and eventuaBiylted in vehicle rolloveConsequentlythe
performance of test no. ITNUwas deemed unsuccessful accordinglte3 of NCHRP Report
No. 350.

Upon investigation of the results framst no. ITNJL, it was determined that the system
was not stiff enoughnear the bridge endn order to increase the stiffnessd strengththe post
embedment depth in the thrie beam area was increased to 49 in. (1,245 mm). Also, the upstream
corner on he trafficside of the concrete bridge rail was chamfered in order to mitigate vehicle
snag. During test no. ITN2, a 4,359b (1,977kg) pickup tuck impacted the system 7ift1 1 O
in. (2,435 mm) upstream frortne end of the concrete barrier a speedfo63.1 mph (105

km/h), and at arangle of 25.7 degrees. Theodified steetpost transition system contained and
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smoothly redirected the vehicith maximum lateral dynamic and permanent set barrier
defl ections of 51 I n. ( lesti8ely, mnd was aletedmin@deto be @ . (9:
success according #d_-3 of NCHRP Report No. 350.

The third fultscale crash test utilized wood posts with an embedment depth of 43 in.
(2,092 mm) in the thrie beam area. During test no. {3Nd 4,81-1b (1,987kg) pickup truck
impacted the system 7iftt 1 O i n. ( 2, 4 35 thaend of thp comcrete bamatrd r o m
speed of 63.4 mph (102.0 kny/land at arangle of 26.9 degrees. Similar to test no. [T\Jhe
system experienced largdgranexpected deflecti®) which caused vehicle instabilities and
eventually rolloverConsequentlythe performance of test no. ITf8Jwas deemed unsuccessful
according torL-3 of NCHRP Report No. 350.

In order to lower deflections of the transition system with wpost configuration, the
post embedment depth in the thrie beam area was increased to 52 in. (1,321 mm). During test no.
ITNJ-4, a 4,407b (1,999kg) pickup truckimpacted the system 7 ft1 1 O 2,485 mm()
upstream from the end dfie concrete barrieat a peed of 63.6 mph (102.4 km/hand at an
angle of 24.6 degrees. The wepdst transition system contained and smoothly redirected the
vehicle with maximum lateral dynamic and permanent set barrier deflections of 3.8 mm(Q
and 1% in. (32 mm), respectly, and was determined to be a success accordifd 48 of

NCHRP Report No. 350.
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2.5.2Evaluation of Guardrail -to-Concrete Barrier Transition

With the vehicle fleet comantly changing and growing, standards for testioglside
safety hardwarenust also change. ThUSCHRP Report No350 was updated to inclutieavier
vehicles with highercenters of gravity.n 2006, MWRSF researchers conducted anotbi@sh
test under the impact conditions outlined in the Update to NCHBBoRR No 350 on the
guardraitto-concrete barrier transition systehat had bee previously testef0].

The transition design waonstructed using W6x9 (W152x 43 steel posts with a length
of 6 ft (1,829 mm) for post nos. 3 through 10 and 66tin. (1,981) for post nos. 117 [20]. A
varied post spacing consisted ofegrostat 10% in. (267 mm), five at 18% in. (476 mm), and
three at 37%2 in. (953 mm). During test no. 2241 & 5,083b (2,306kg) pickup tuckimpacted
the systemat7it1 10 i n. (2, 435 themrd ofuhp somete darimat & speech
of 60.3 mph (97.km/h), and at amangle of 24.8degrees. The stepbst transition system
contained and smoothly redirected the vehicle with maximum lateral dynamic and perseine
barrier deflections of 11.4 in. 99 mm) and @  i(1®4 mm), respectivelyand was determined
to be a successeording toTL-3 found inthe Update to NCHRP Report No. 350

2.5.3Stiffness Transition Between WBeam Guardrail and Thrie Beam

In 2007, MWRSF researchers investigated stiffness transitions frdmeam guardrail to
thrie bean approach guardrail transitiof&l]. Prior testing osymmetricW-beamto-thrie beam
transition elements had been conducted according the guidedinests inNCHRP Report No.
350, but the sstem did not successfully page 2000P light pickup truck tes2d]. This study
was conducted to alleviate some of the stiffnesscernsassociated with the previousigsted
transition designThis study included four fulcale crash tests that utilized a varied post spacing
that consisted of post nos. 1 through 7 spaced 75 in. (1,905 mm), post nos. 7 through 19 spaced

37.5in. (%3 mm), and post nos. 19 through 21 spaced 75 in. (1,905 mm).
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For the first fullscale crash test, the-¥eamrail had anominaltop-rail height of 27% in.
(705 mm), while the thrie beam had mominal topr a i | height of 31le in.
approachransition is shown ifrigure17. During test no. MW13, a 4,456b (2,021kg) pickuyp
truck impacted the syste® in. (203 mm) upstream frothe centerline of post n® at a speed
of 63.9 mph (108 km/h), and at arangle of 24.8 degree$he transition system containedt
did not safely redirect the vehiglesince the vehicle rolled over upon exiting the system.
Therefore, test no. MWB was determined to be unsusskil according torL-3 of NCHRP
Report No. 350.

Upon investigation of the results from test no. M\® Tresearchers concluded that the
roll behavior was due to the relatively higher center of gravity of the 2000P vehicle combined
with the relatively lowrail height for the Z%in. (705mm) tall standard guardrail. The
proposed solution was to switche approach guardrail to the-BlL (787mm) tall Midwest
Guardrail System (MGS). Sincédhe MGS utilized a 3din. (787#mm) rail height a new
asymmetridranstion elemet was needed. The ndvansition element was fabricated twtting
a triangular piece out dhe bottom of a standaf®-gauge (2.66nm) thrie beam rail, as shown
in Figure18. Duringtest no. MWT4, a 4,448b (2,018kg) pickup tuck impacted the systn 9
in. (229 mm) upstream frome centerline of post no.& a speed of 61.0 mph (9&&/h), and
at anangle of 25.3 degrees. Thgstem did not safely contaor redirect the vehiclesincethe
vehicle penetrated the system due to rail ruptGansequentlytest no. MWT4 was deemed
unsuccessful according Td.-3 of NCHRP Report No. 350.

Upon investigation of the results of tesb.nMWT-4, researchers concluded that
increasing the post size and embedment depth of posts within the transition region would
eliminate pocketing. For test no. MWH, post nos. 9 through 15 were W6x12 (W152x17.9)

sectiors measuring 7/t 7 6 in. (2,286mm) long. Additionally, the post embedment depth for
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postnos. 9 through 15 was 58 in. (1,473 mm). The fabricated asymmetridedavéto-thrie
beamtransition was also replaced with a newdduge (3.42nm) MGS asymmetrical transition
element, shown irFigure 19. During test no. MW15, a 4,431b (2,010kg) pickup truck
traveling at 61.5 mph (99.0 km/h) impacted the system 13 in. (330 mm) upstream from the
centerline of pst no. 9, at an angle of 24.9 degrees. The system safely contained and redirected
the vehiclewi t h maxi mum | ater al dynamic and per maner
mm) and 14% in. (375 mm), respectively, and consequently was deemed suewmesstlihg to
NCHRP Report No. 350.

The fourth fultscale crash test utilized the same system setup used for test nG5MWT
but now tested with a small car. During test no. M8/Ta 1,992b (904kg) small car impacted
the system 12%: in. (318 mm) upstreliom the centerline of post no. 10 at a speed of 65.5 mph
(105.4 km/h), and at an angle of 20.4 degrees. The system safely contained and redirected the
vehicle with maximum | ater al dynamic and per.
mm) and 14%an. (375 mm), respectively, and consequently was deemed successful according to
NCHRP Report No. 350.

2.5.4Evaluation of Thrie Beam Transition without Curb

In 2013, TTI researchers conducted a performance evaluation of a modified thrie beam
transition to rigid concrete barrianthout a curb element below the transition ras|[ The rigid
concrete barrier was a 36. (914mm) tall, singleslope traffic rail that was 74». (192mm)
wide at the top and 14¥a. (368mm) wide at the bottom. The approach guardrail transition
consisted of nineteen W6x8.5 (W152x12.6) posts with lengths of 72 in. (1,829 mm) for post nos.
3-13 and 84 in. (2,134 mm) for post nos. 14 to 19. Thgdiye (2.66nm) W-beam guardrail
was positioned from post no. 1 to post no. 11, and then an asymmetaghvie transition

element spanned from post no. 11 to post no. 13. Then, nestgdu@@ (2.66nm)
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Figure18. Asymmetric Transition Element for Test No. MWT[21]]

Figurel19. MGS Stiffness Transition witAsymmetricalElement P1]
thrie beam rail extended from post no. 13 to the attachmentdoaati the rigid concrete barrier,
as shown irFigure20.

During test no. 490022, a 5,002b (2,269kg) pickup truck impacted the system 7 %
in. (2,261 mm) upstream from the rigid concrete barrier at a speed of 62.6 mph (100, akoh/h
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at an angle of 23.9 degrees. The transition system contained but did not safely redirect the
vehicle sincethe vehicle rolled over upon exiting the systeéflhe maximum dynamic and
permanent set deflections were 5.9 in. (150 mm) and 4.5 in. (114 mm), resiyedtiith a
working width of 22.8 in. (579 mm). Test no. 490022vas determined to be unsuccessful

according to TE3 of MASH due to vehicle rollover.
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2.5.5MGS Approach Guardrail Transition Using Standardized Steel Posts

Previously, MWRSFKesearchers developed and creedted a stiffness transition between
MGS andthrie beamAGTSs utilizing an asymmetrical transition eteent and three different steel
post types under TB of NCHRP Report No. 350. However, marState Departments of
Transportation (DOTsyiewed the systemas too compliced, and theydo mot use W6x12
(W152x17.9)steel posts. Thefore, asimplified transition was developed using only W6x15

(W152x22.3) and W6x9 (WBR2x13.4)steel postsd4].
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The system consisted of three bridge rail past$ eighteen guardrail posts. The guardrail
posts utilized a varied post spacing of 75 in. (1,905 mm) for post nos. 1 through 8, 37% in. (953
mm) for postnos. 8 through 12, 18% in. (47&m) for post nos. 12 through 16, and 37%z in. (953
mm) for post nos. @ through 19. Post nos. 3 through 15 were galvanized ASTM A36 W6x9
(W152x13.4) steel sections measuringft6(1,829mm) long. Post nos. 16 through 18 were
galvanized ASTM A36 W6x15 (W152x22.3) stesections measuringfZ(2,134mm) long. The
soil embedmet depths for post nos. 3 through, &8d 16 through 18 were 40 in. (1,016 mm) and
55a in. (1,400 mm), res p-é&,abloHMbe(2,3¢5kg) pickupitrucly t e st
impacted the systn 71 in. (1,803 mm) upstream frgmst no. 9at a speed of 6% mph (99.0
km/h), and at armangle of 24.7 degree3he system adequately containedt did notsafely
redirect the vehicle. The vehicle came to an abrupt stop due to pocketing that formed in the
systemConsequentlyMWTSP-1 was deemed unsuccessfatading to TL-3 of MASH.

Upon investigation of test no. MWTSE it was observed thaiost no. 1, &8reakaway
Cable Termina(BCT) wood anchor post, fractured early in the impact event. Inspection of the
post revealed significant checking through the wideegacf the post along with a critically
placed knot on the upstream, basle caoner of the post. Researchexncluded that these post
deficiencies were the cause tife early post fracture Researchers also concluded that without
this early post fracturghe system woultiaveadequately contagd and rediread the vehicle.
So a retest was condect usingthe sysem layoutshown inFigure21. During test no. MWTSP
2,a 5158Ib (2,340kg) pickup truckimpacted the syste 74%2 in. (1,892 mm) upstream from
post no. 9at a speed of 61.2 mph (98.5 km/nd at arangle of 26.3 degrees. The system
adequately contained and redirected the vehlidlle maximum lateral dynamic and permanent
set barrier deflections of 32.8 in. (833 mm) and 25% in. (654 mm), respeci@welywas

consequentlyleemed successful accordinglio-3 of MASH.
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The MGS stiffnesgransition to thrie beatAGTs was also suleicted to cash testing with
a 1100C small caaccording to MASH in order to investigate potahtinderride tendencies
During test no. MWTSH, a 2,591b (1,175kg) smallcarimpacted the syste 93% in. (2,381
mm) upstream fronpost no. 9at a speed of 61.0 mph82 km/), and at armangle of 25.7
degrees. The system adequately contained and redirected the weathclmaximum lateral
dynamic and permanent set barrier deflections of 34.8 ird (8®) and 27 in. (686 mm),

respectivelyand wasconsequentlgleemed stcessful according toL-3 of MASH.
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Figure21l. MGS Appraach Transition tdhrie Beam 24]
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